A study was made to investigate an optimum condition for ruthenium tetraoxide staining of poly(butylene terephthalate) (PBT) with glass transition temperature as low as ca. 23°C for TEM observation of melt-grown PBT crystals. The morphological study of ultrathin sections prepared based on optimum staining at 25°C for 8 h revealed formation of fringed-micellar crystal nuclei in the early stage and folded-chain fringed-micellar crystals in the later stage of isothermal crystallization at 40°C from melt. The fraction of chain-folded crystals increased with increasing crystallization temperature from the quantitative analysis of crystal thickness in comparison with the reported morphology using the replica method.
Introduction
As is shown in Fig. 1 , folded-chain crystals with sharp folds (a), loose (b) and long loops (c) and/or hair molecules and tie chains (d) are well known structures of crystalline synthetic polymers. These crystals give lamellar morphology due to a thickness of ca. 10 nm, which is much smaller than the lateral size of micrometres wide. The crystalline stems in the lamella melt at the crystal's melting temperature, while the amorphous chain segments, such as fold parts and interlamellar chains, are highly mobile above its glass transition temperature T g . In the crystallization from melt, lamellar crystals grow from the crystal nucleus, accompanying the formation of new lamellar crystals, i.e. lamellar branching. This gives rise to the formation of spherulites or oriented lamellar morphology. The content of crystalline parts in the resultant crystals depends on the crystallization condition.
Of many crystalline polymers which give folded-chain crystals, poly(butylene terephthalate) (PBT), having melting temperature (T m ) of 225°C and T g of 23°C, is a semicrystalline polymer that has been widely used in the field of electric parts, electronic devices and other industrial materials. The structure and properties of PBT have been studied by means of X-ray diffraction, optical and electron microscopies, light scattering, etc. [1] [2] [3] [4] [5] . Recently, time-resolved small and wide angle X-ray studies were done to clarify the nucleation mechanism by measuring long periods and lamellar thicknesses of the primary and secondary nuclei of PBT [6] .
Transmission electron microscopy (TEM) is a direct method to investigate the morphology of various synthetic polymers through use of staining with osmium tetraoxide (OsO 4 ), ruthenium tetraoxide (RuO 4 ) and others, and ultramicrotomy. Trent et al. [7] developed a RuO 4 -staining method where the amorphous regions of various synthetic polymers react with RuO 4 , giving rise to absorption contrasts between the crystalline and amorphous parts of single component polymer materials such as polyethylene (PE), polypropylene (PP), polyesters, nylons and others, and among polymer blends and alloys [8] [9] [10] . RuO 4 -staining is a powerful method for contrasting between the crystalline and amorphous phases. This is useful because of their very small density difference without staining. Thus, an intact lamellar morphology can be observed in TEM for edge-on lamellae of RuO 4 -stained ultrathin sections. In cases of polymer blends and alloys, differences in reactivity of component polymers lead to TEM image contrasts. Sano et al. [8] reported that the reactivity, i.e. the degree of staining as estimated from infrared absorption due to oxidation by RuO 4 , depends on molecular mobility of the amorphous region and, accordingly, staining must be carried out above T g of polymer. However, RuO 4 -staining is usually carried out at temperatures as high as 60-70°C to afford a practically suitable image contrast for polyolefins such as PE, PP and their copolymers, though PE and PP have T g of -125 and -5°C, respectively [10] . This implies that the reactivity of RuO 4 is very low and just above T g of polymers. It is also suggested that homopolymers such as PE and PP with very low crystallinities, as prepared by melt-quenching, may undergo some crystallization, i.e. structural changes during staining at 60-70°C.
Yamato et al. [11] reported a structural change with time around T g for PBT, such that the density of PBT increases with aging time at 20°C, which is lower than its T g of 23°C. It is, therefore, of importance to investigate the temperature dependence of RuO 4 -staining of PBT in order to obtain the staining condition suitable for TEM observation. There are very few reports on the RuO 4 -staining condition for PBT. For example, Möginger et al. [12] reported the mechanical properties and morphology of PBT, where the RuO 4 -staining condition was not described.
As is summarized in Table 1 , Janik et al. [13] reported on RuO 4 -staining of solvent-cast thin films of PBT and its copolymers that were subjected directly to TEM observations after the staining was done at room temperature for 15 min to 5 h and at 75°C for 3 h. They also prepared a TEM specimen by RuO 4 -staining of surface obtained by trimming a given meltpressed sample and then ultrathin-sectioning at room temperature, where the staining was done by suspending the sample in aqueous RuO 4 solution for 24 h at room temperature or 16 h at 75°C. It is noted that RuO 4 stained the very thin cast PBT film at room temperature while good quality images were obtained only from the melt-pressed specimen stained at 75°C for 15 h. On the other hand, the copolymer sample with a lower crystallinity was successfully stained at room temperature. This result suggests that bulk PBT homopolymer is hardly stained by RuO 4 . In order to investigate the detailed reactivity of RuO 4 to bulk PBT samples prepared by injection moulding for industrial uses, it is important to study TEM morphology of various melt-crystallized PBT samples as a function of RuO 4 -staining condition. Along this line of argument, we will report here on the optimum RuO 4 -staining condition for the morphological study of PBT.
As will be mentioned below, PBT with low degrees of crystallinity is obtained by crystallization from melt under a high supercooled condition at a temperature such as 40°C. Thus, the crystallization of PBT from melt can be compared with that of poly(ethylene terephthalate) (PET) which results in amorphous and very low crystalline structures under high supercooled conditions. Yeh and Geil [14] reported the morphologies of amorphous PET film and its annealed form, as studied by TEM observation using a replica method. They found ball-like structures (7.5 nm size) in the amorphous specimen and aggregates of ball-like structures by annealing near the T g of PET. Yeh [15] also proposed the folded-chain fringed-micellar model as the structure of amorphous PET, consisting of two major elements of the grain and the intergrain region, the former including an ordered domain of 2-4 nm size and a grain boundary. On the other hand, Pechhold et al. [16] proposed the meandered model as an ordered amorphous structure from a thermodynamic viewpoint.
In this paper, we will also discuss the structure of PBT crystallized from melt under various conditions, based on TEM observation using the RuO 4 -staining method in comparison with the reported structural models for amorphous and low crystalline PET and the fringed-micellar model as reviewed by Wunderlich [17] .
Methods
Two kinds of PBT with average molecular weights (Mw) of 18 900 Da and 35 200 Da (samples A and B, respectively) were used. These Mws were estimated as those reduced to poly(methyl methacrylate) (PMMA) by means of size exclusion chromatography using hexafluoro-2-propanol as solvent, where PMMA with known Mw was used as a standard polymer for estimating Mw of PBT.
Isothermal crystallization was done by melting ca. 20 mg of PBT sample sandwiched between two thin glass plates at 260 °C for 5 min on a heating plate, keeping it for various times in an oil bath thermostated at various temperatures, and then quenched in a dry ice/methanol medium. The crystallization temperature was chosen over a range from 40 to 200°C, 40°C being an industrially used moulding temperature. The isothermally crystallized PBT films with a size of 10 mm in diameter and 0.3-0.4 mm in thickness were obtained. Film density was measured in a density gradient column prepared from aqueous potassium iodide solutions with densities of 1.229 and 1.328 g cm -3 , according to the method by Chang and Slagowski [3] . TEM specimens were prepared by two methods: (1) RuO 4 -staining and then ultrathin-sectioning and (2) ultrathin-sectioning and then RuO 4 -staining. In the former case, a small piece of the central part of the film specimen was embedded in an equal amount mixture of two reagents of PRO BOND Epoxy Cement purchased from Elmer's Products Inc., cured at 25°C for 1 h, trimmed at room temperature and then stained in the vapour phase of an aqueous RuO 4 solution at 25°C for 8 h. A temperature as low as 25°C was chosen to avoid a heating effect on the isothermally crystallized samples. This also applies to the choice of the above-mentioned epoxy cement for embedding film specimens that can be cured at room temperature. Otherwise, RuO 4 -staining was carried out at 60°C for 3 h to examine the heat effect.
In the second method, a small piece of such a film specimen was embedded, cured and trimmed at the same temperatures as in the first method. Ultrathin sections of 60 nm thick were prepared at -50°C in an ultramicrotome equipped with a cryosectioning unit. RuO 4 -staining of the specimens thus prepared was then carried out at 25°C for 5-60 min by the same technique as in the first method.
The rate of reaction of RuO 4 with most synthetic polymers is so low that no exothermic effect on the polymer morphology need be taken into account.
Preparative methods for TEM specimens and morphological results are summarized in Table 1 in comparison with those by Janik et al. [13] .
TEM observations were made in a JEOL JEM-1230 transmission electron microscope at an acceleration voltage of 80 kV and magnification of 160 000. Average lamellar thickness and thickness distribution were estimated by measuring 100 lamellae of the same specimen.
Results and discussion
Optimization of TEM specimen preparation Epoxy resins usually used for TEM specimen preparation should be cured at 60-70°C for several hours. It was found that the present epoxy cement could be fully cured at a temperature as low as 25°C within 1 h.
In order to reveal the effect of RuO 4 -staining condition on the polymer crystal morphology and accordingly to obtain an optimum staining condition, TEM observations were made on A and B samples isothermally crystallized at 40°C for 10 s and 140°C for 60 min each and then RuO 4 -stained at 25°C for 8 h and at 60°C for 3 h each. A typical TEM micrograph of sample A crystallized at 140°C for 60 min and then RuO 4 -stained at 25°C for 8 h is shown in Fig. 2 , where the so-called edge-on type of lamellae, consisting of bright crystalline layers and dark amorphous surfaces, are seen. As is well known, the molecular chains are aligned perpendicular to the longitudinal direction of the lamellae and folded on the surface.
It seems of interest to compare TEM image contrast as a function of crystallinity. The contrast between the crystalline and amorphous phases in Fig. 2 is not so high as compared with that of well-grown melt-crystallized polyethylenes with high crystallinities [8, 10, 18] , while it is similar to that of very low density polyethylenes [18] . This is probably due to a coexistence of the crystalline and amorphous phases normal to the ultrathin-sectioned film, an inclination of the lamellar crystals from the entire edge-on alignment and/or a deposition or contamination of ruthenium oxides [8] in the amorphous phase, which were formed by a spontaneous reduction reaction of RuO 4 . This may give rise to a deterioration of the quality of TEM images of polymers with low crystallinities and make TEM observation at higher magnification difficult.
Crystallinity, X c (%), and average lamellar thickness, t (nm), of these specimens are listed in Table 2 , where X c is the value for the original sample kept in the absence of RuO 4 under the same condition of temperature and time as in the case of staining. Table 2 lists X c and t for the original samples, where t is the same value as that obtained by staining at 25°C for 8 h.
Crystallinity of the original samples A and B crystallized at 40°C for 10 s and then quenched in dry ice/methanol increased by as small as 0.3%, from 11.2 to 11.5% and from 16.6 to 16.9%, respectively, with keeping, i.e. annealing these original samples at 25°C for 8 h in solid state. This result is consistent with the fact reported by Yamato et al. [11] that physical aging effect takes place around T g of PBT. It can be said, however, that no obvious change in lamellar thickness may take place at this temperature because such a very little increase in crystallinity can be allowed by a small change of some polymer chain segments from a disordered conformation, i.e. the amorphous structure to an ordered one, the =-type of PBT crystal [11] . In other words, the lamellar morphology of the TEM specimens prepared by RuO 4 -staining at 25°C for 8 h and subsequent ultrathin-sectioning is consistent with the original structure of each sample isothermally crystallized.
It is worthy of note, however, that the staining of the 40°C-crystallized original samples at 60°C for 3 h led to a considerable increase both in crystallinity and lamellar thickness from 11.2 to 16.2% and 3.7 to 4.5 nm, respectively, for sample A and from 16.6 to 19.0% and 5.8 to 6.4 nm, respectively, for sample B. This clearly indicates the thermal effect on the morphological change of the original PBT samples with low crystallinities.
On the other hand, the original samples A and B isothermally crystallized at 140°C for 60 min, which had X c = 27.8% and t = 8.2 nm and X c = 28.4% and t = 7.8 nm, respectively, showed changes by only ca. 1 % in X c with staining at 60°C for 3 h. Thus, the resultant values were X c = 29.3% and 29.2% for samples A and B, respectively. The lamellar thickness did not change for both samples. It can be said that the staining temperature does not affect the morphology of PBT crystallized at a temperature as high as 140°C.
It is concluded that the first method of RuO 4 -staining at 25°C for 8 h and subsequent ultrathin-sectioning can be applied to TEM observation of PBT with a wide range of crystallinity and that staining at 60°C can be applied only to PBT with higher crystallinities.
The depth from the sample surface to which RuO 4 -staining took place was thinner in staining at 25°C than at 60°C, suggesting that the number of ultrathin sections to be obtained is smaller when staining is undertaken at 25°C than at 60°C. Taking into consideration that the thickness of PBT surface   .......................................................................................................................................................................................................................................................................... stained by RuO 4 is rather small, probably due to a restricted diffusion of the reagent into the sample, the second method of ultrathin-sectioning and subsequent RuO 4 -staining was examined. The ultrathin-sectioning of sample A crystallized at 140°C for 60 min was made at -50°C and then RuO 4 -staining was carried out at 25°C for 3, 10, 30 and 60 min. The 3 and 10 min-stained samples did not give good TEM contrasts due to a lack of staining. Staining for 30 min gave a good TEM contrast (micrograph not shown). Further staining for 60 min gave a side reaction in which the collodion film coated on the copper grid onto which thin sections were loaded was deteriorated by the reaction with RuO 4 so that TEM observation was not successful. Taking into consideration the restricted staining time and a good reproducibility of the resultant morphology, the second method cannot be recommended as a method for preparing TEM specimens of PBT. Thus, the first method, i.e. RuO 4 -staining at 25°C for 8 h and then ultrathin-sectioning, which can be applied to PBT samples with various crystallinities was used in the following experiments.
Morphology of PBT crystals formed under a highly supercooled condition
The industrial fabrication of PBT is usually made by injection moulding in a mould kept at ca. 40°C, indicating a fast cooling near the mould surface. Crystallinity and average lamellar thickness were measured for samples A and B isothermally crystallized at 40°C (listed in Table 3 ), where the TEM specimen preparation was made by the first method of RuO 4 -staining at 25°C for 8 h and then ultrathin-sectioning.
Typical morphologies of sample A obtained by crystallization at 40°C, close to the temperature of the mould surface, are shown in Fig. 3 as a function of crystallization time. As is shown in Fig. 3a , the sample crystallized for 10 s consists of randomly oriented fine crystallites with an average thickness of 3.7 nm. The 30 s sample (Fig. 3b) consists of lamellar-like crystallites (4.1 nm thick and dozens of nm in length). As the crystallization proceeded, the crystals were grown further to an average thickness of 5.2 nm and lengths of dozens to hundred nm (Fig. 3c) . However, the rate of crystallization decreased very much in the later stages of crystallization, as shown by crystallinity increasing 4.4% from 11.2% at 10 s to 15.6% at 3 min but only 2.4% from 15.6% at 3 min to 18.0% at 60 min.
In the case of crystallization of sample B at 40°C, the morphology of the resultant crystals was very similar to that of the sample A (micrographs not shown). The average crystal thickness for sample B was 5.8, 5.9, 6.2, 6.4 and 6.6 nm for crystallization times of 10 s, 30 s, 3 min, 10 min and 60 min, respectively. These thicknesses were larger than the corresponding ones for sample A. The larger crystal thickness might be related to a larger dimension of radius gyration of and a lower volume fraction of own polymer in random coil of the polymer B, as is predicted from thermodynamics of flexible chain polymers in solution or melt. This may give rise to the possibility of intermolecular chain interactions among nearly parallel-aligned segments prior to crystallization in supercooled liquid.
It is worthy of note that the morphology of the 40°C-samples showed crystallites connected like beaded strings with indistinct crystal boundaries, in contrast to Fig. 2 for the 140°C-sample with clear lamellar crystal boundaries. Hiltner et al. [18, 19] studied the morphology of melt-grown or quenched crystals of very low density copolymers of ethylene with =-olefins, the chemical structure of which is very different from PBT. They concluded that for the copolymers with densities lower than 0.89 g cm -3 , fringed-micellar or bundled crystals are inferred from the low degree of crystallinity (ca. 20% or lower), low melting temperature, and the granular, nonlamellar morphology, because the granule-like crystalline domains are similar to those predicted from the fringed-micelle model [17] .
All the 40°C-crystallized PBT samples had crystallinities lower than 20% and granule-like crystalline domains with indistinct crystal boundaries, which were similar to those of the very low density copolymers of ethylene with =-olefins (e.g. Fig. 3 of ref. [18] ). These facts suggest a possibility of formation of PBT fringed-micellar nuclei under a highly supercooled condition.
According to Yokouchi et al. [1] , the length of PBT monomer unit along the crystallographic c-axis is 1.159 nm. Based on this value, the average crystal thickness of 3.7, 4.1 and 5.2 nm for sample A crystallized at 40°C corresponds to 3.2, 3.5 and 4.5 monomer units, respectively. The increase in crystal thickness can be interpreted only by a growth, in the direction of molecular chains, of crystals preformed in the nucleation stage, for example at 10 s. Taking into account the formation of thin crystals consisting of 3.2 monomer units at 10 s under a highly supercooled condition for such semiflexible PBT chains, it seems difficult for the polymer chains to be intramolecularly crystallized into chain-folded crystal lamellae. In the present case, it is reasonable that neighbouring chain segments in random coil conformation in the molten state are intermolecularly crystallized by their lateral cohesion during fast cooling, probably giving rise to fringed-micellar crystals [17] .
An ordered amorphous structure such as the meandered model proposed by Pechhold et al. [16] requires a parallel arrangement of bundled chains over a very long distance along each chain direction. Taking into consideration a random coil conformation of chains with high chain mobilities in molten state, where each random coil is interpenetrated by other chains, it seems very difficult that such interpenetrated or entangled chains are rearranged in fully ordered parallel and folded alignments by quenching. Thus, such an ordered amorphous structure seems to have a problem that remains unsolved. 
Morphology of PBT crystals formed at higher temperatures
As are also listed in Table 3 , crystallinity and crystal thickness of melt-grown PBT increased with increasing crystallization temperature for a given crystallization time, accompanying a delay of nucleation with temperature. Figure 4 shows TEM micrographs of crystals formed at 80°C for 10 s (a) and 60 min (b), indicating formation of lamellar crystals. As compared with the crystals formed at 140°C (Fig. 2) , however, the contrast of crystal boundaries is low and the lamellar crystals are likely to consist of granule-like crystallites similar to those shown in Fig. 3 . This result suggests a mixture of chain-folded crystals and fringed-micellar crystals, taking into consideration that the crystallinity was still as low as ca. 20% (e.g. 15.7% at 10 s and 23.5% at 60 min for sample A) and the crystal thickness was only ca. 7 nm or less (e.g. 5.0 nm at 10 s and 7.1 nm at 60 min for sample A). This also applies to sample B.
On the other hand, well-grown, thick lamellar crystals with a high crystal boundary contrast were formed at 200°C, as is evident from Fig. 5 . The parallel-aligned lamellae suggest the formation of spherulites. The crystallinity was higher than 30% and the lamellar thickness was 9.7-9.8 and 8.8 nm, irrespective of crystallization time, for samples A and B, respectively. This tendency of higher crystallinity and larger lamellar thickness for the formation of lamellar crystals is consistent with the case of copolymers of ethylene with =-olefins [18, 19] . It is also concluded that the copolymers with intermediate crystallinities consist of a mixture of fringed micelles and lamellar crystals.
Validity of RuO 4 -staining in TEM examination of polymer crystals
A preparative method for TEM observation of bulk PBT crystallized from melt has not been established because its T g is as low as ca. 23°C, although its T m is as high as ca. 225°C. The low T g requires the RuO 4 -staining at this temperature for TEM specimen preparation. It is concluded from the present work that embedding the bulk PBT specimen in an epoxy cement, trimming of the specimen, RuO 4 -staining for 8 h, and then ultramicrotomy, that are all done at 25°C, can give an intact morphology of such bulk PBT as injection-moulded specimens.
The replica method by Yeh and Geil [14] does not give an absolute crystal thickness but an apparent size of crystals from a contrast formed by metal shadowing, because the shadow is made irrespective of angles of inclination of crystals to the specimen surface. In contrast, the RuO 4 -staining method gives a TEM contrast to edge-on lamellae and, accordingly, the crystal thickness can be measured directly. In fact, not only the crystal thickness but also the extent of contrast of crystal boundary were measured successfully in the present study, enabling the discussion of the putative crystallization mechanism of PBT, as mentioned below.
Models for molecular chain arrangements in meltgrown PBT crystals
Hermann et al. [20] first proposed the fringed-micelle model in 1930. This structure had long been accepted as a structure of natural and synthetic polymer crystals until 1957 when Till [21] , Keller [22] and Fischer [23] independently found that polymer chains aligned normal to lamellae of polyethylene single crystals and Keller [22] pointed out the requirement of chain folding on the lamellar surface. Since then, the chainfolded structure has been widely accepted not only for solution-grown single crystals but also for melt-grown crystals of synthetic flexible and semiflexible polymers.
There have been few reports relevant to fringed-micelle structure of synthetic polymer crystals, except for PET crystals by Yeh and Geil [14] and very low density copolymers of ethylene with =-olefins by Hiltner et al. [18, 19] . The possible fringed-micelle structure of PBT was first proposed in this work on crystals obtained at 40°C from melt under a high supercooled condition. It is noted that the morphologies of their copolymer crystals and our PBT with very low crystallinities are very similar, although the chemical structure is very different between them. It is also noted that the morphological change from fringed-micelle to chain-folded crystal with increasing crystallinity is common to them both, although the increase in crystallinity was made by a decrease in =-olefin content and by an increase in crystallization temperature, respectively.
It is of interest to compare the melt-grown PBT crystal thickness as a function of crystallization temperature and time in order to postulate the model for molecular chain arrangements in the crystals, with special reference to the fringedmicelle and/or chain-folded crystals. Attention should be paid to the large increase in crystal thickness with increasing crystallization time, for example, an increase of 2.3 nm from 3.7 nm at 10 s to 6.0 nm at 60 min for the crystallization at 40°C for sample A, while there was little change in the crystal thickness (less than 1 nm) at high crystallization temperatures (Table 3 ). It is obvious that the change in crystal thickness with time decreased with increasing crystallization temperature, as thick crystals might be formed in the initial stages of crystallization.
As for crystallization at 40°C, some PBT chain segments in random coil in the melt are thought to be intermolecularly crystallized by a lateral cohesion into crystal nuclei based on the fringed-micelle structure in the beginning of crystallization, as is schematically illustrated in Fig. 6a , where the thick and thin lines denote the crystalline and amorphous chains, respectively. The crystal thickness corresponds, for example, to 3.7 nm for sample A. The fringed-micellar crystals possibly consist of amorphous chain segments on their surfaces, some of which may go into the surrounding amorphous region, and others take long and/or very loose loops near the top surface of the nuclei.
As the crystallization proceeds, a segmental mobility of the amorphous chains takes place at this temperature near T g , giving rise to a gradual increase in crystal thickness with time due to their lateral cohesions in addition to crystal growth on the lateral surface. The crystal growth may proceed until uncrystallizable segments such as folds, tight loops, defects and entangled or strained chain segments become concentrated on the surfaces of the grown crystals, as is schematically illustrated in Fig. 6b. It is, therefore, concluded that the fringed-micellar crystal nuclei can be formed by intermolecular crystallization. Although amorphous chain segments in the form of long or loose loops are plausible in the nucleation stage, their mobility may not be restricted in contrast to that in the later stages of crystallization. Thus, the crystal nuclei can be assigned to the fringed-micellar structure, irrespective of the conformation of the amorphous segments in the long or very loose loops or nearly extended form. Therefore, the molecular chains are not always folded in an adjacent re-entry but in a random re-entry to some extent in the fringed-micellar crystal. This may give rise to formation of an irregular fold surface with a low contrast at the crystalline and amorphous phase boundary.
In the later stages of crystallization at 40°C, the amorphous chain segments are more restricted in mobility so that they prevent further crystal growth. It is, therefore, reasonable that the crystals are the folded-chain fringed-micellar crystals similar to the model proposed by Yeh and Geil [14] .
In cases of the intermediate crystallization temperature, the crystal nuclei may consist of dominant fringed-micellar crystals and a small amount of chain folds, the content of the latter seeming to increase with an increase in crystallization time. At higher temperatures above 140°C, chain-folded crystals are dominantly formed due to a high segmental diffusion during slow cooling from melt. However, a low TEM contrast at the crystalline and amorphous phase boundary of these chain-folded crystals may suggest that the crystal surface contains few sharp folds but a large amount of irregular folds, such as loose loops, as compared with well-grown polyethylene crystals with a major fraction of sharp folds.
Concluding remarks
From the morphological study of melt-grown PBT crystals with glass transition temperature T g as low as ca. 23°C and a wide range of crystallinity using the RuO 4 -staining method, the following conclusions are drawn: (i) Intact morphology of PBT crystals, even with low crystallinities, was successfully obtained by a new preparative method with particular epoxy resin embedding for 1 h and RuO 4 -staining for 8 h at 25°C. (ii) A fringed-micellar model consisting of very loose folds, long loops, and other unstrained amorphous chains was proposed as the structure of PBT crystal nuclei formed under a high supercooled condition. (iii) Crystal growth took place in the direction of molecular chains on top of the crystals in addition to growth on the lateral surfaces of the crystals, giving rise to the formation of a folded-chain fringed-micellar structure in the later stages of crystallization. (iv) The fraction of chain-folded crystals increased with increasing crystallization temperature, i.e. with decreasing supercooling.
